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ABSTRACT: The benefits of O2 plasma exposure at the contact regions of dual-gate MoS2 transistors prior to metal deposition
for high performance electron contacts are studied and evaluated. Comparisons between devices with and without the exposure
demonstrate significant improvements due to the formation of a high-quality contact interface with low electron Schottky
barrier (∼0.1 eV). Topographical and interfacial characterizations are used to study the contact formation on MoS2 from the
initial exfoliated surface through the photolithography process and Ti deposition. Fermi level pinning near the conduction band
is shown to take place after photoresist development leaves residue on the MoS2 surface. After O2 plasma exposure and
subsequent Ti deposition, Ti scavenges oxygen from MoOx and forms TiOx. Electrical characterization results indicate that
photoresist residue and other contaminants present after development can significantly impact electrical performance. Without
O2 plasma exposure at the contacts, output characteristics of MoS2 FETs demonstrate nonlinear, Schottky-like contact behavior
compared to the linearity observed for contacts with exposure. O2 plasma allows for the removal of the residue present at the
surface of MoS2 without the use of a high-temperature anneal. A low conduction band offset and superior carrier injection are
engineered by employing the reactive metal Ti as the contact to deliberately form TiO2. Dual-gate MoS2 transistors with O2
plasma exposure at the contacts demonstrate linear output characteristics, lower contact resistance (∼20× reduction), and
higher field effect mobility (∼15× increase) compared to those without the treatment. In addition, these results indicate that
device fabrication process induced effects cannot be ignored during the formation of contacts on MoS2 and other 2D materials.
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I. INTRODUCTION

Transitional metal dichalcogenides (TMDs) are a group of 2D
materials with the potential to act as the channel material in
low-power, high mobility devices.1−3 For nearly a decade,
significant strides have been made in understanding the
intriguing electrical and optical properties of 2D TMDs. From
semimetals, semiconductors (e.g., MoS2 and WSe2), and
superconductors (e.g., NbS2 and NbSe2), among others,
TMDs have an array of potential uses in a myriad of useful
applications such as 2D photodetectors, solar cells, and
transistors.4,5 Furthermore, the layered nature of TMDs
presents a number of potential applications for any single
material where a direct band gap (layer # N = 1), ideal for
optoelectronics, and an indirect band gap (N > 1) would allow

the implementation of LEDs and thin-film transistors using the
same TMD material.3,6 The fascinating properties do not stop
there, as different phases of a material, MoS2 for example, can
be either metallic (1T-MoS2) or semiconducting (2H-MoS2),
allowing for even greater flexibility in the use of and
exploitation of TMDs.7 It is therefore important to be able
to fabricate a large scale of TMD devices with low variability,
high uniformity, and efficient electrical performance to study
the aforementioned properties in greater detail.
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A major stopgap that has plagued TMD devices has been the
high contact resistance (RC) at the source and drain
contacts.8,9 The current state of contacts on TMDs is
susceptible to the Fermi level pinning (FLP) effect, where
the Schottky barrier height (SBH) does not follow the
Schottky−Mott rule, suggesting a metal work function
independent of RC.

10,11 Experimental studies comparing
contact metals on MoS2 show significant disparities on which
metal provides the best contact interface.12,13 Furthermore,
using several low and high work function metals (Sc, Ti, Ni,
and Pt) as contacts on MoS2, for example, results in n-type
behavior irrespective of the metal used, suggesting that the
contact metal is not the major contributor to the FLP near the
conduction band.12 This discrepancy between the predicted
theoretical device behavior and experimental studies must be
understood to help eliminate the FLP and reduce the RC.
Additionally, there are differences in device behaviors for
different research groups that use the same TMD/contact
metal interface for their devices. This can be attributed to
differences in processing, metal deposition conditions, and
source of the TMD, among other factors.14,15 Understanding
the role of such processing conditions on TMDs is important
in narrowing down the deciding factor(s) responsible for such
discrepancies and their contribution, if any, to the FLP effect
and the high RC.
The role of TMD flake thickness has also been determined

to substantially affect device performance and RC. Monolayer
and bilayer thick TMD flakes demonstrate RC values
significantly higher than bulk samples (N > 2). Several reports
have shown few-layer MoS2 flakes beyond five or more layers
exhibit better device performance and lower RC values than
their monolayer and bilayer counterparts.12,16 Das et al. have
even shown there also exists an upper limit as well, suggesting
that to extract the best device performance out of MoS2 flakes,
a thickness in the range of 6−12 nm would be optimal.12 Great
care must be taken when comparing any two devices, ensuring
TMD flake thickness and device dimensions are very similar.
Current large-scale semiconductor manufacturing uses a

photolithographic process, suggesting this will be the method

of choice for implementation of high-volume manufacturing of
TMD devices, given the low throughput of electron-beam
lithography (EBL), which has been used substantially in
fabrication of TMD devices for research purposes. A major
component that is common to most TMD studies involving
devices is the use of photoresist during fabrication. Often, a
high-temperature anneal is used to “clean” photoresist residue
and other contaminants present after device processing from
interfaces within a device.14,17,18 This is not ideal because
reactions at the contact metal/MoS2 interface may take place
during such anneals, which can degrade contact performance
in some cases. The dielectric and the MoS2 may also be
affected by such anneals, which can convolute the
interpretations of the electrical device characteristics. More
recently, using contact mode atomic force microscopy (AFM)
to remove residue has been suggested as another potential
option.19 Although it can be useful for proof of concept, it is
not a scalable method for high-volume manufacturing. Industry
commonly employs a plasma step after photoresist develop-
ment in traditional lithography processes on Si to remove any
photoresist residue before further processing.20 The same
concept may be applied to TMDs, such as MoS2, for the same
specific purpose. It is important to note that the underlying
material, MoS2, is fundamentally an ultrathin body semi-
conductor compared to bulk Si. Thus, certain considerations
must be weighed: the role of photoresist residue on the
electrostatics of MoS2, the surface reactions, if any, as a result
of the O2 plasma exposure, and if there is substantial etching of
the MoS2 layers. It is also prudent to comment on previous
studies involving the use of O2 plasma on MoS2, which focused
on either the functionalization of MoS2 for deposition of thin,
pinhole free high-k dielectrics,21 or layer-by-layer etching of
MoS2,

22 or O2 plasma exposure at the MoS2 channel region for
overall improvement in device performance.23,24 The techni-
que used in this study consists of a short, low-power, direct O2

plasma exposure to etch away the photoresist residue and
functionalize the MoS2 contact surface for controlled interface
chemistry.

Figure 1. (a) Graphic illustrating the O2 plasma exposure at the exposed contact areas after development of the photoresist and (b) the final back-
gate MoS2 FET structure. (c) Output characteristics of MoS2 FET without O2 plasma exposure demonstrating nonlinear IDS−VDS and (d) with O2
plasma exposure demonstrating a more linear IDS−VDS.
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Using a 5 s O2 plasma exposure prior to Ti contact metal
deposition results in the formation of a high-quality metal/
MoS2 contact interface due to the formation of TiO2. The dual
purpose of O2 plasma exposure to remove photoresist residue
and functionalize the contact areas for TiO2 formation serves
to depin the Fermi level from near the conduction band and
reduce overall RC. A systematic study of contact formation,
which is exhibited through the use of electrical, topographical,
and chemical analysis, provides insights into the role
photoresist residue has on MoS2 devices. The correlation
between physical and the electrical characterization is done to
understand the impact of process induced contaminants on
device performance. Valence band edge extraction appears to
demonstrate FLP near the conduction band edge with the
introduction of photoresist residue, suggesting it may be the
major factor behind the FLP effect observed in TMD devices.
Dual-gate MoS2 FETs with and without the O2 plasma
exposure at the contacts are compared and demonstrate a
reduction in contact resistance (RC) of ∼20× as well as an
∼15× increase in field effect mobility (μFE). This process has
the potential to be extended to other TMDs and 2D materials
to improve the contact metal interface and achieve superior
device characteristics for many device applications.

II. EXPERIMENTAL SECTION
Al2O3 (∼27 nm for optical contrast and rapid MoS2 flake
identification25) was deposited by atomic layer deposition (ALD) at
250 °C onto a p++Si wafer (post-RCA clean) for back-gate (BG)
isolation. On the opposite side of the Si wafer, Al was deposited for a
backside wafer contact followed by a 400 °C forming gas anneal to
remove charges present in the Al2O3 following the 250 °C ALD
growth. The ALD Al2O3 on the p++Si then serves as the “substrate”,
and the Al2O3 serves as a BG oxide for exfoliated multilayer,
synthetic26 MoS2 flakes.27,28 By use of photolithography, with AZ
nLOF 2020 negative photoresist along with AZ 300 MiF developer,29

source/drain contacts are defined on the transferred flake (∼4−8 nm
thickness) followed by a 5 s O2 plasma exposure (“descum”) at 50 W
and 200 mTorr (base pressure <5 mTorr) to remove photoresist
residue prior to contact metal deposition on MoS2 (see Figure 1a,b).
Immediately after, Ti/Au (10 nm/140 nm) is deposited using e-beam
evaporation in high vacuum (base pressure <5 × 10−6 mbar) followed
by a lift-off process. Electrical BG measurements are then performed
followed by a 300 °C UHV anneal for 2 h to facilitate desorption of
residual contaminants.30,31 Then, a 15 min in situ, room-temperature
UV-ozone surface treatment is performed followed by Al2O3/HfO2 (3
nm/6 nm) deposition at 200 °C using ALD for top high-κ gate
dielectric formation.32,33 The high-κ dielectric deposition is followed
by photolithography patterning and metallization of a Pd/Au (20/140
nm) top-gate to produce p++Si/Al2O3/MoS2/Al2O3/HfO2/Pd/Au
dual-gate structures. The structures are electrically characterized with

Figure 2. AFM topography and phase images obtained from a MoS2 flake after (a) exfoliation, (b) photolithography processing (photoresist
deposition, exposure, and development), and (c) O2 plasma exposure.
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a dual-gate sweeping methodology34,35 using a Keithley 4200
Semiconductor Characterization System in a Cascade Probe Station.
Atomic force microscope (AFM) images were obtained ex situ from

MoS2 flakes after exfoliation, development, and descum with a Veeco
Model 3100 Dimension V atomic probe microscope in noncontact
tapping mode. Images were processed using the WSxM software.32

The surface chemistry of a bulk, geological MoS2 crystal from 2D
Semiconductors26 was investigated with X-ray photoelectron spec-
troscopy (XPS) ex situ after exfoliation, development, and descum.
After descum and XPS, Ti was deposited in situ in a separate
deposition chamber attached to a cluster tool described elsewhere.36

This was done consecutively in two steps to obtain total thickness
values of 1 and 5 nm, while XPS was performed in situ after each
deposition step without breaking vacuum (<2 × 10−9 mbar) in an
analysis chamber attached to the same cluster tool. Prior to Ti
deposition on MoS2, the Ti metal source was prepared, and the
deposition rate was determined to be identical with that previously
employed in similar experiments.15,37 Before Ti metallization, the
deposition chamber, which was initially held at a base pressure of <2
× 10−9 mbar, was backfilled with air. The flow rate was adjusted to
maintain a pressure of 5 × 10−6 mbar throughout Ti deposition to
simulate the environment commonly found in an elastomer-sealed
deposition chamber, which was employed in the device fabrication
process performed in this work.
XPS analysis was performed via a monochromated Al Kα X-ray

source (hν = 1486.7 eV) and an Omicrometer EA125 Hemispherical
Analyzer with ±0.05 eV resolution. High-resolution spectra were
obtained at a takeoff angle of 45°, acceptance angle of 8°, and pass
energy of 15 eV. The analyzer was calibrated with polycrystalline Au,
Ag, and Cu foils according to ASTM E2108.38 Spectra were
deconvolved with AAnalyzer, a peak fitting software.39

III. RESULTS AND DISCUSSION

One of the major advantages of using a plasma clean at the
contact regions is that it is performed prior to the formation of
the metal/MoS2 interface. A high-temperature thermal anneal
post-development and prior to metallization with enough
energy to drive off the photoresist residue and other
contaminants would damage the surrounding photoresist.

When using a 5 s O2 plasma exposure, the exposed contact
regions are cleaned while the rest of the MoS2, which serves as
the channel, is protected by a 2 μm thick photoresist layer as
shown in Figure 1a. Several back-gated MoS2 FETs were
fabricated (see Figure S1 in the Supporting Information for a
thorough photolithography flow diagram) with and without
the O2 plasma exposure to compare the electrical response
(Figure 1b). The output characteristics of a transistor with Ti/
Au contacts, where Ti serves as the interfacial contact metal,40

without O2 plasma show nonlinearity (Figure 1c). With the
inclusion of the plasma exposure, the output characteristics
become “Ohmic-like” as shown in Figure 1d. The linearity of
IDS−VDS curves, as well as an overall reduction in device-to-
device performance variability, is consistently observed in
multiple MoS2 FETs with O2 plasma exposure and Ti/Au
contacts (see Figure S2). Previous studies that utilize O2
plasma on MoS2 used it either as a functionalization treatment
for deposition of uniform, pinhole-free dielectric films or for
layer-by-layer etching.21,22

The major side effect of O2 plasma exposure is the formation
of MoOx byproducts on the MoS2 surface. MoOx exhibits a
high electron affinity and work function (up to ∼6.5 eV),41

leading to formation of a p-type contact ideal for hole injection
in MoS2 FETs.42,43 This would suggest that O2 plasma
exposure at the contact areas on MoS2 prior to metal
deposition would lead to the formation of p-type contacts,
resulting in severe nonlinearity in the n-channel MoS2 output
characteristics, as opposed to the reduced contact resistance
which is observed experimentally (Figure 1d). Spectroscopic
and topographic investigations were performed on MoS2 at all
major contact formation steps in the device fabrication process
to understand the n-type contact behavior.
By use of atomic force microscopy (AFM), the surface

topography and phase of few-layer MoS2 flakes after
exfoliation, development, and O2 plasma exposure are
investigated to ascertain the amount of photoresist residue

Figure 3. XPS core level spectra ((a) Mo 3d, S 2p and (b) Ti 2p) obtained from bulk MoS2 after exfoliation, typical photolithographic processing
(deposition, exposure, and development), 5 s O2 plasma, 1 nm Ti deposition, and 5 nm Ti deposition. These spectra show MoOx forms on MoS2
during O2 plasma. Ti deposited during subsequent metallization reduces MoOx and reacts with MoS2 forming TiOx and TiSx at the Ti/MoS2
interface. The spectra in (a) and (b) were obtained in the same experiment from the same MoS2 crystal. The Ti thicknesses listed reflect the total
film thickness. (c) Band alignment of two bulk MoS2 crystals after exfoliation and photolithographic processing: according to the measured valence
band offset and expected bulk MoS2 band gap, Fermi level pinning is occurring in bulk MoS2 after photolithographic processing.
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after development and its removal during O2 plasma. After
exfoliation and transfer of MoS2 on to the Al2O3/Si substrate,
the initial surface topography and phase are depicted in Figure
2a. A relatively rough surface is detected (rms roughness =
1.43 nm), potentially due to stresses induced during the
exfoliation and transfer process. Nonetheless, multiple few-
layer MoS2 flakes on the Al2O3/Si substrate investigated with
AFM in this work exhibit similar surface topography to that
shown in Figure 2a. Following initial AFM, the photo-
lithography process was performed on the MoS2 to form the
contact areas. Large islands (up to 20 nm in height and 50 nm
in diameter), lower profile wrinkle-like features, and significant
increase in rms roughness (6.27 nm) are detected in AFM
images after development (Figure 2b), which indicates a
substantial amount of photoresist residue is left behind after
lift-off. This suggests the resist residue will cause discontinuous
contact between an adhesion layer often employed in contacts
to TMDs, such as Ti,44,45 and the underlying TMD, which
likely convolutes the electrical response of analogous contacts.
The AFM images displayed in Figure 2c show the MoS2
surface after 5 s O2 plasma exposure. Large clusters present
after development are effectively removed during this step.
However, lower profile, wrinkle-like features remain, which
could correspond with either small areas of resist residue or
patches of MoOx. Nonetheless, the rms roughness after O2
plasma (1.39 nm) is comparable to that of the exfoliated MoS2.
This demonstrates that a short O2 plasma step after
development is enough to remove a majority of the organic
residue prior to metal deposition. It is also important to note
that the thickness of the multilayer MoS2 flakes is not altered
appreciably by the development process or the subsequent O2
plasma process, which indicates the treatment may be
compatible with monolayer MoS2 (see Figure S3 and
associated discussion in the Supporting Information for more
details).
Using X-ray photoelectron spectroscopy (XPS), we

investigated the MoS2 surface chemistry after exfoliation,
development, and Ti deposition in high vacuum (HV, base
pressure 5 × 10−6 mbar) to total thicknesses of 1 and 5 nm to
elucidate the effects of resist residue and O2 plasma on the Ti/
MoS2 interface chemistry.40

The Mo 3d and S 2p core level spectra obtained from bulk
MoS2 are shown in Figure 3a after each of the major processing
steps defined above. The Mo 3d5/2 and 3d3/2 core levels are
detected from exfoliated MoS2 at binding energies of 229.1 and
232.2 eV, respectively, while the S 2p3/2 and 2p1/2 core levels
are detected at binding energies of 161.9 and 163.1 eV,
respectively. Initially, the valence band edge resides 0.9 eV
from the Fermi level (Figure S4a). After photoresist deposition
and development, the MoS2 chemical states shift to higher
binding energy (BE) by 0.6 eV, which indicates a Fermi level
shift of equal magnitude toward the conduction band (EC)
edge. Considering the ∼1.4 eV band gap of bulk MoS2, the
initial 0.9 eV valence band offset, and the 0.6 eV Fermi level
shift after development, the Fermi level is pinned at the EC
edge by the photoresist residue (Figure 3c and Figure S4).46

The same experiment was performed on a second bulk,
geological MoS2 crystal to investigate the consistency of Fermi
level pinning (FLP) across different samples. The second
exfoliated crystal exhibits a valence band edge 1.3 eV from the
Fermi level and shifts ∼0.2 eV after development, which is
consistent with FLP at the EC edge in agreement with the first
crystal (Figure 3c and Figure S4). This demonstrates

photoresist residue pins the Fermi level at roughly the same
energy relative to the band edges regardless of the initial Fermi
level position. Photoresist residue-induced FLP near the MoS2
EC edge could explain why it is so difficult to form p-type
contacts on MoS2.

47 After the O2 plasma exposure, the MoS2
chemical states in the Mo 3d and S 2p spectra shift back to the
binding energies detected on exfoliated MoS2. In addition, O2
plasma causes significant oxidation of MoS2 forming MoOx
(Mo6+, 232.4 eV in the corresponding Mo 3d5/2 spectrum) and
MoSxOy (229.6 and 162.4 eV in the corresponding Mo 3d5/2
and S 2p3/2 spectra, respectively). Therefore, the combination
of hole injection by MoOx and organic residue removal causes
the Fermi level shift toward the valence band edge after O2
plasma.
The MoSxOy chemical state in the Mo 3d and S 2p core

levels is distinguishable from the MoxSy chemical state detected
in the Mo 3d and S 2p core levels in our previous work40 after
depositing Ti on MoS2 in situ in UHV. The MoSxOy chemical
state detected in this work in the Mo 3d core level after O2
plasma exposure exhibits a higher BE than the MoS2 chemical
state, unlike the MoxSy chemical state detected in the Mo 3d
core level in our previous work, which exhibits a smaller BE
than the MoS2 chemical state. The O2 plasma exposure
oxidizes the MoS2, substituting some sulfur atoms with oxygen
atoms, resulting in the formation of the MoSxOy species. The
oxygen is more electronegative than sulfur by 0.86 according to
the Pauling electronegativity scale.48 Therefore, the formation
of a MoSxOy species results in a greater charge transfer away
from the Mo than in MoS2 and a corresponding BE increase
from that of MoS2 in the Mo 3d core level, as is observed in
this work. In contrast, removing sulfur from MoS2 to form a
sulfur deficient MoxSy species will result in a decreased BE
from that of MoS2 in the Mo 3d core level as is observed in our
previous work.40

Up to this point, the sample was exposed to air in between
each XPS measurement, in the same way the MoS2 flakes were
in between lithographic contact formation steps. In contrast, all
subsequent Ti deposition steps and corresponding XPS were
performed in situ without breaking vacuum to exclude the
effects of air exposure on the Ti/MoS2 interface chemistry.
Previous work has shown the supply of background gases to
the MoS2 surface in HV (i.e., in an elastomer sealed deposition
tool) is sufficient to completely oxidize Ti throughout
deposition, resulting in a 100% TiO2 film.40 However, a
more recent study showed that the concentration of oxygen
incorporated into a Ti contact during deposition in HV
depends significantly on the deposition rate and deposition
chamber base pressure.49 If Ti is completely oxidized during
the deposition in this work, then the MoO3 formed during the
O2 plasma will remain unperturbed by the Ti deposition.
Conversely, if the Ti is only partially oxidized during the
deposition in this work, any metallic Ti that does not react
with background gases will scavenge oxygen from the MoO3.
Therefore, performing the Ti depositions and subsequent XPS
in situ is critical to accurately characterizing the interface
chemistry evolution during Ti deposition on O2 plasma-treated
MoS2 in this work.
After 1 nm Ti deposition, MoOx is detected in a mixture of

Mo5+, Mo3+, and Mo1+ oxidation states in the corresponding
Mo 3d core level spectrum (231.4, 229.5, and 228.9 eV,
respectively), indicating a significant amount of MoOx, which
is initially present entirely in the Mo6+ oxidation state, is
reduced by Ti. In addition, 1 nm Ti completely reduces
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MoSxOy, forming TiSx (228.9 eV in the corresponding S 2p3/2
spectrum) as a byproduct. After Ti deposition to a thickness of
5 nm, the Mo5+ chemical state falls below the limit of
detection, and the Mo1+ chemical state intensity increases in
the corresponding Mo 3d spectrum, which indicates MoOx is
reduced further with increasing Ti film thickness. The MoS2
chemical states shift 0.3 eV to higher BE after 5 nm Ti
deposition compared with that detected after O2 plasma
corresponding with a 0.3 eV Fermi level shift toward the EC
edge.
The Ti 2p core level spectra obtained after Ti deposition to

total thicknesses of 1 and 5 nm are shown in Figure 3b.
Metallic Ti is below the limit of XPS detection up to a film
thickness of 5 nm, which indicates a Ti contact to O2 plasma-
treated MoS2 is primarily composed of Ti−O and Ti−S bonds.
As previously mentioned, a high-quality electron contact to
MoS2 is achieved by treating the contact regions with O2
plasma and subsequently metallizing with Ti/Au. This
indicates Ti reduces MoOx and forms TiOx during deposition,
which mitigates the hole doping effects of MoOx and
dramatically enhances electron injection into MoS2 via the
deliberately formed TiOx interlayer.
The presence of resist residue on MoS2 after development is

substantiated by chemical states detected in the corresponding
C 1s, O 1s, and N 1s core level spectra consistent with organic
species.50 In addition to forming MoOx, O2 plasma removes
organic residue according to the decreased intensity of the C
O and CN chemical states in the corresponding C 1s, N 1s,
and O 1s spectra (Figure S5). After Ti deposition, the
intensities of chemical states in the corresponding C 1s, O 1s,
and N 1s spectra attributed to organic residue decrease more
than the expected attenuation of a 1 or 5 nm thick Ti overlayer.
This suggests Ti also cleans the interface by scavenging
residual organics.51−53 The evolution of the O 1s, N 1s, and C
1s chemical states throughout the experiment is discussed in
greater detail in the Supporting Information.
The reaction mechanism and corresponding electronic

effects proposed here rationalize the 0.3 eV Fermi level shift
toward the EC edge detected after 5 nm Ti deposition and the

high-performance n-type contact behavior observed in Figure
1d. The enhanced carrier injection accompanying the
formation of TiOx is likely due to a low EC offset of TiO2
with MoS2 as has been demonstrated by Kaushik et al. with an
atomic layer deposited (ALD) ultrathin TiO2 interfacial
layer.40,54 The removal of organic residue along with the Ti
scavenging effect demonstrates the dual purpose of the short
O2 plasma exposure prior to contact metal deposition to form
high performance n-type contacts on MoS2.
After the metal deposition and lift-off process, it is intuitive

to presume the back-gate MoS2 FETs would have substantial
(at least monolayer concentration) photoresist residue, as well
as other adsorbents,55 on the exposed top channel surface
similar to the contact areas. Previous investigations on MoS2
and graphene involved the use of an anneal to drive off surface
contaminants from the channel surface.31,56 While an anneal
potentially affects all device surfaces and interfaces, often
convoluting the effects of the anneal in terms of the I−V
response,57 the after effects of the O2 plasma exposure are
more constrained.
To investigate the impact of the channel surface residue on

the device performance, without a severe impact on other
surfaces and interfaces, the BG MoS2 FETs were electrically
characterized before and after a 5 s O2 plasma exposure at the
channel as shown in Figure 4a,b. The initial transfer curves
prior to exposure in Figure 4c demonstrate an OFF current of
∼6 × 10−5 μA/μm at a VDS of 0.1 V. There is also a negative
shift in the threshold voltage (VT) with increasing drain voltage
(VDS) as has been observed in other works on BG MoS2
FETs.4,58 This suggests that surface adsorbents can act as
charge traps for carriers in the MoS2 channel as has been
suggested in previous reports.59 After the O2 plasma exposure,
the transfer curves, under the same measurement parameters,
demonstrate a lower OFF current of ∼4 × 10−6 μA/μm at a
VDS of 0.1 V as well as no VT shift with increasing VDS. The
higher OFF current combined with the negative ΔVT shift with
increasing VDS prior to exposure suggests the surface
contaminants on the top MoS2 surface may constitute a net
positive charge, acting as a n-type dopant. After O2 plasma

Figure 4. (a) Graphic illustrating O2 plasma exposure at the exposed channel area and (b) the back-gate MoS2 FET after channel exposure. (c)
Comparison of transfer curves and (d) output characteristics of the same BG MoS2 FET before and after channel exposure, demonstrating the
impact of photoresist residue at the MoS2 channel region on device performance.
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exposure there is a positive ΔVT shift, suggesting the
elimination of the positive charge at the exposed MoS2 surface.
Furthermore, although there appears to be no change in the
ON current of the transfer curves after the O2 plasma exposure,
the output characteristics in Figure 4d show a reduction in
saturation current after exposure. This would indicate that the
positively charged contaminants on MoS2 induce a slight
excess in electron carrier generation (consistent with FLP at
the EC edge in Figure 3c), in a similar way to the impact of
fixed positive oxide charge for high-k dielectrics deposited on
MoS2.

60,61

Yet a recent study by Liang et al., where post-lithography
PMMA residue is removed from MoS2 and WSe2 BG FETs’
channel surface using an AFM tip, suggests a similar, albeit
opposite trend.19 Their electrical measurements demonstrate a
negative ΔVT shift and an increase in ION current after residue
removal, suggesting the PMMA residue acts as a p-type
dopant. Two possible conclusions can be inferred due to the
different nature of residue removal in their study and ours:
either different resists can act as either n-type (this study) or p-
type (Liang et al.) dopants, or the introduction of MoOx (itself
p-type) as a result of O2 plasma exposure is responsible for the
positive ΔVT shift observed in this study. Studies comparing
MoS2 device behavior before and after O2 plasma exposure
support the latter conclusion rather than the former.23,24 The
simultaneous removal of resist residue and introduction of
MoOx makes it difficult to definitively conclude the dominant
mechanism behind the positive ΔVT shift and reduction in
IOFF.
While the channel exposure did improve the device

performance, and removed the residue as demonstrated in
Figure 2, the nature of the photoresist residue on the channel
and its effect on I−V characteristics of BG MoS2 FETs are
convoluted by the introduction of MoOx. For the purposes of

top-gate fabrication it may also influence the formation of S−O
bonds during surface functionalization.32,33 But the removal of
surface contaminants is still warranted and can be done in situ
with a UHV anneal, instead of O2 plasma, prior to
functionalization treatment and high-κ dielectric deposition
as described in our earlier work on top-gate, high-κ dielectrics
on MoS2, among others.28,31,62 Comparisons between dual-
gate MoS2 FETs with and without O2 plasma exposure solely
at the contacts are desirable to demonstrate the plasma
treatment’s affect on critical device parameters such as
mobility.
To help articulate the critical impact of the O2 plasma clean

on overall device performance, the top-gate (TG) stack
formation described in the Experimental Section was
implemented for multiple BG MoS2 FETs. For proper
comparison, one set of devices had O2 plasma exposure at
the contacts and the other did not, with all other fabrication
variables kept the same. The final dual-gate (DG) MoS2 FET
structure had a sub-10 nm high-κ dielectric TG bilayer (Al2O3/
HfO2) as shown in Figure 5a. To take advantage of the DG
structure, both the TG and BG were simultaneously swept
(VDGS = dual-gate sweep) for better electrostatic control of the
MoS2 channel.34,35 It should be noted that the DG sweep
effectively neutralizes the impact of charge traps on the SS (as
demonstrated in Figures 2c and 3a of our previous study35).
Two DG MoS2 FETs with similar MoS2 flake thickness and
active device areas were chosen and compared in terms of their
electrical performance (see Figure S6 for more details).
Comparing the output characteristics in Figure 5b, the set
without O2 plasma (red) shows nonlinearity as opposed to the
one with O2 plasma treated contacts (blue). This comparison
demonstrates that (even with a 300 °C UHV anneal as well as
the thermal heating resulting from the ALD at 200 °C) what
the contacts experience during the TG stack formation may

Figure 5. (a) Graphic cross section of a dual-gate (DG) MoS2 FET with HfO2/Al2O3/MoS2/Al2O3 gate stack (W = 20 μm, L = 4 μm). (b)
Comparison of output characteristics of DG MoS2 FETs without O2 plasma exposure (red) and with O2 plasma exposure (blue), with the latter
demonstrating high performance and linear IDS−VDS. (c) Comparison of transfer curves of DG MoS2 FETs demonstrating a similar, near-ideal SS of
∼60 mV/dec with over an order of magnitude increase in ON current for device with O2 plasma exposure at the contacts. (d) Comparison of field
effect mobility demonstrates an increase of ∼15× due to a reduction in contact resistance of ∼20× because of high quality contact formation in the
contact regions.
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not be enough to completely neutralize the contaminants that
are trapped at the contact metal/MoS2 interface. Major
improvements in the transfer curves in Figure 5c are also
observed. At a VDS of 0.1 V, both devices demonstrate a near-
ideal SS of ∼60 mV/dec with a DG sweep, but a drastic
difference in ON current is observed. It should be noted that
the VT difference observed in Figure 5c is due to device to
device variability and not a result of the O2 plasma clean at the
contacts. The DG MoS2 FET with O2 plasma exposure at the
contacts demonstrates an ON current of ∼1.1 × 100 μA/μm
compared to ∼9.3 × 10−2 μA/μm (taken at VOD = VG − VT =
0.4 V) for device without O2 plasma exposurewhich is over
an order of magnitude increase due to high quality n-type
contacts. Because the SS values of both devices are
approximately the same, a proper comparison between
mobility values can be made based solely on the difference
in device contact quality.
The field effect mobility (μFE) extraction, done using the

conventional equation of μFE = gm(L/W)(1/COXVDS), with the
capacitance value (COX) taken to be ∼1.47 μF/cm2, is
compared in Figure 5d. The bottom-gate oxide capacitance
(CBOX ≈ 0.65 μF/cm2) was extracted using a standard p-Si/
Al2O3/Ti/Au capacitor structure, while the top-gate oxide
capacitance (CTOX ≈ 0.82 μF/cm2) was extracted using a split-
CV methodology as discussed our previous studies.62,63 The
total capacitance value (COX = CBOX + CTOX) was calculated as
two dielectric capacitors in parallel.34 The μFE increases ∼15×
after O2 plasma exposure from ∼6.5 to ∼100 cm2/V·s. This
major enhancement is a result of the high-quality contacts due
to O2 plasma exposure. Yet there are still limitations due to the
nature of the MoS2 which can have high and variable impurity
concentrations.46

The contact resistance (RC) alone can effectively mask the
true mobility, which can be extracted along with the RC itself
using the Y-function method.64 The method used for RC
extraction involves several equations: Y = IDS/gm

1/2 = [(W/
L)(μ0COXVDS)]

1/2(VGS − VT), θ = [(IDS/gm(VGS − VT)) − 1]/
(VGS − VT), and θ = θo + RCCOXμ0W/L, where μ0 is the
intrinsic carrier mobility, θ is the mobility degradation factor,
and θ0 is the intrinsic degradation factor (assumed to be
negligible due to the significant contribution to θ from RC as
compared to θ0).

65 The Y-function method is an excellent
technique because it provides a more realistic RC value, does
not require additional test structures beyond the FET, and
requires a limited number of parameters on which results have
a weak dependence. The DG MoS2 FET without O2 plasma
clean demonstrates a Y-function extracted RC of ∼20.2 kΩ·μm
compared to ∼1 kΩ·μm for the device with O2 plasma,
resulting in high quality contacts as shown in Figure S7a. This
trend holds for multiple DG MoS2 FETs as shown in Figure
S7b. Furthermore, the intrinsic carrier mobility (μ0), which
was extracted along with the RC, for the DG MoS2 FET with
O2 plasma exposure at the contacts is ∼310 cm2/V·s,
suggesting that further improvements in the quality of TMD
materials are necessary.
A low Schottky barrier height (SBH) is a good indicator of a

RC that is low and linear. The SBH extraction was done
assuming conventional thermionic emission theory, where
slopes of curves in Figure S8 in the high-temperature region
are analyzed. Care was taken to ensure that the extracted
barrier height was taken where the effective barrier height is
linearly responding to changes in the VGS.

12 The point where
ΦSBH deviates from the linear trend is where tunneling current

(Itunneling) begins to take effect as discussed in greater detail
elsewhere66,67 (also see further clarification in the Supporting
Information). The SBH extraction (see Figure S8) demon-
strates a low SBH of 86 ± 12.8 meV, comparable to other
works with a TiO2 interfacial layer on MoS2.

54,68 The most
recent work by Kim et al. includes a SBH extracted value of
107 meV for a Ti/TiO2/MoS2 contact, although the role of
photoresist residue is not accounted for and a different origin
for the FLP is presented.68 Yet the observed FLP near the EC
edge of MoS2 and a low SBH are consistent with this work
(Figures S4 and S8). This would indicate that although the
nature of FLP for metal contacts on TMDs may be consistent
across the literature, the exact origin is still a topic that requires
further investigation and debate as reiterated in a recent review
of contacts for 2D materials by Schulman et al.69

IV. CONCLUSION
This work investigated the use of an O2 plasma clean prior
contact metal deposition to achieve a high-quality contact
interface for MoS2 devices. Topographical, interfacial, and
electrical test studies show that photoresist residue, if not
properly neutralized, can play a significant role in affecting the
electrical properties of MoS2. The origin of the observed Fermi
level pinning near the conduction band edge of MoS2 appears
to result from the photoresist residue itself. The removal of
organic residuecombined with the formation of a high-
performance n-type TiOx/MoS2 contact interface due to
oxygen scavenging by Tidemonstrates the dual use of O2
plasma exposure. Furthermore, a comparison between DG
MoS2 FETs with and without O2 plasma exposure demon-
strates an ∼15× improvement in mobility and an ∼20×
reduction in contact resistance due to the formation of higher
quality contacts with O2 plasma. The results show that the
effects of contaminants left over from the device fabrication
processes can significantly hamper MoS2 transistor perform-
ance if not properly eliminated. Further reductions in contact
resistance may be possible with the use of semiconductor
grade, low impurity TMD materials which could further
improve transistor performance.
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